Blood pressure, like most physiological processes, exhibits a circadian pattern of variation. Disruption of the normal circadian rhythm of blood pressure is associated with end organ damage and increased risk of adverse cardiovascular outcomes. In this review, we discuss the role of the renin angiotensin aldosterone system and the molecular clock in maintaining circadian blood pressure patterns. We also consider disrupted circadian blood pressure rhythms and hypertension in distinct populations and the role of chronotherapy in the treatment of hypertension.
Introduction
Since the formation of earth, the sun has risen and set with a predictable rhythmicity giving the world day and night. This daily, circadian rhythm has been adapted by life in the form of rhythmic expression of genes and behaviors around a ∼24 hour day. Indeed, life forms from archaebacteria to humans exhibit circadian rhythms in physiological function. 1 On a molecular level, circadian rhythms are orchestrated by a complex network of transcription factors and associated regulatory proteins that control gene expression and protein function, resulting in circadian rhythms in most physiological processes. 2 The molecular clock consists of a transcription/translation feedback loop. In the positive arm, the circadian clock proteins Bmal1 and CLOCK heterodimerize to bind E-box response elements in the promoters of target genes. These target genes include Per and Cry, which encode the Per and Cry proteins. In the negative arm of the feedback loop, Per and Cry antagonize the action of Bmal1/CLOCK, thereby inhibiting their own transcription. Bmal1/CLOCK also activate the nuclear orphan receptor genes Ror and Nr1d1, encoding RORα and Rev-erbα. These receptors in turn mediate opposing action on expression of the Bmal1 (Arntl1) gene. This clockdependent transcriptional mechanism regulates expression of a significant number of circadian target genes. Indeed, a recent landmark study in mice demonstrated that nearly 50% of expressed genes are regulated by this clock mechanism in a tissuespecific manner. 3 This transcriptional mechanism is thought to underlie the known circadian variations in physiological functions, such as blood pressure. The molecular clock functions in nearly every cell and tissue type. Moreover, post-transcriptional and post-translational regulatory events also contribute to the mechanism of the circadian clock. 4 Blood pressure exhibits a circadian rhythm, with a rise during the active period and a "dip" or decrease of about 10%-20% during the rest period. Individuals who do not exhibit this circadian rhythm of blood pressure are termed "non-dippers" and are known to be at increased risk for target organ damage and adverse cardiovascular outcomes. 5 The prevalence of non-dipping varies between patient populations but is estimated to occur in approximately 50% of hypertensives and more than 80% in at risk hypertensives such as those with chronic kidney disease (CKD) and saltsensitive hypertensives. 6 Indeed, non-dipping is recognized as a risk factor for cardiovascular disease (CVD) and endstage renal disease (ESRD). 7 While normotensive people experience a non-dipping prevalence of about 6%, 8 in one group of hypertensive patients taking three anti-hypertensive medications, 86% of patients exhibited the non-dipping pattern. 9 Interestingly, it was reported that taking one medication at bedtime (as opposed to in the morning) decreased nondipping prevalence from 84% to 43%. 9 There have also been reports that suggest ethnicity plays a role in dipping status, providing evidence that Hispanics and African Americans are more likely to be non-dippers than Caucasians. 10, 11 Below, we discuss the role of the renin angiotensin aldosterone system (RAAS) and the molecular clock in maintaining circadian blood pressure patterns. We also consider non-dipping status and hypertension in distinct populations and the role of chronotherapy in the treatment of hypertension.
The RAAS
All forms of Mendelian (inherited) hypertension are linked to a defect in the RAAS. Briefly, when low blood pressure is sensed, the juxtaglomerular cells release the enzyme renin. In the blood stream, renin converts angiotensinogen to AngI which is then converted to AngII by ACE. AngII is itself a vasoconstrictor which causes an increase in blood pressure due to decreased volume for blood to occupy. AngII also stimulates aldosterone secretion which results in increased sodium reabsorption by the kidney and a consequent increase in blood pressure. There is increasing evidence for an intrarenal RAAS system as well as a whole-body system. 12 Hypertension is the major risk factor for CVD which is the leading cause of death in America. 13 It is also a major risk factor for developing ESRD. 14 Thus, there is a need to better control hypertension. This is attempted through the use of therapeutics which target several components of the RAAS pathway. ACE inhibitors, direct renin inhibitors and angiotensin receptor blockers (ARBs) are commonly used treatments for hypertension. Combination therapy using a direct renin inhibitor (aliskiren) plus an ARB (valsartan) was more effective at lowering blood pressure than either treatment alone. 15 Further exploration into this combination therapy indicated that the change in blood pressure due to treatment was more pronounced in non-dipper patients, patients who do not experience the normal "dip" in blood pressure values during the rest period, suggesting a more potent inhibition of the RAAS in the non-dipper population. 16 In addition to an endocrine and renal RAAS, there is a brain RAAS as well, isolated by the blood-brain barrier. The brain RAAS has been implicated in hypertension in animal models. 17, 18 Campos et al developed a transgenic rat with angiotensinogen levels reduced specifically in the brain to a level about 10% of that of a normal rat. 19 These rats have decreased blood pressure as a result of the altered brain RAAS. Baltatu et al tested the role of the brain RAAS in a model of renal hypertension mimicked by subcutaneous AngII infusion. Strikingly, the hypertensive phenotype was attenuated in the rats with reduced brain angiotensinogen, 20 indicating the important role of brain RAAS in systemic blood pressure regulation. Furthermore, subcutaneous AngII infusion is a reproducible model for non-dipping hypertension, inducing a shift in the circadian rhythm of blood pressure. 21 The reduced brain angiotensinogen rats also have decreased plasma renin activity levels when stressed compared to control rats. 22 This implies that the brain RAAS has some effect on the intrarenal RAAS.
Renin, AngII, and aldosterone exhibit similar circadian rhythms of release, peaking in early morning hours. 23 Jensen and Pedersen showed that there is an inverse correlation between plasma renin activity and blood pressure dipping magnitude at night. 24 Higher levels of plasma renin activity lead to a smaller dip in night time blood pressure.
Role of the molecular clock in circadian blood pressure patterns: evidence from animal models
Maintaining a normal circadian blood pressure rhythm is associated with improved cardiovascular outcomes. 6 For an in depth review of the mechanism of circadian rhythms, see Richards and Gumz. 1 The basic mechanism of the molecular clock involves transcriptional regulation of target gene expression. Blood pressure studies performed in knockout mouse models lacking one or more of the core clock genes have demonstrated an important role for several clock proteins in blood pressure regulation. 25 A possible mechanism contributing to hypertension was observed in Cry1/Cry2 knockout (KO) mice. 26 These mice 
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Circadian rhythms and hypertension lacking integral circadian clock genes have salt-sensitive hypertension and increased plasma aldosterone. Microarray analysis identified an enzyme in the aldosterone synthesis pathway (Hsd3b6) as having increased expression in these mice. This enzyme is involved in the conversion of pregnenolone to progesterone which is an early step in aldosterone synthesis, and its expression is restricted specifically to zona glomerulosa cells of the adrenal gland. This enzyme could be a possible target to treat hypertension.
Sueta et al recently investigated the effects of two different ARBs (olmesartan and valsartan) on spontaneously hypertensive rats. 27 Since different ARBs have different affinities for the AngII receptor (AT 1 R), the goal of the experiments was to see if different binding affinity could account for different effects of treatment in aged rats. They found that olmesartan lowered blood pressure for significantly longer than valsartan, possibly due to the higher binding affinity of olmesartan for AT 1 R than valsartan. 28, 29 By comparing young and aged Wistar-Kyoto rats (the normotensive control rat), this study found that increased age, not hypertension alone, was probably responsible for abnormalities related to aging including vascular endothelial dysfunction, blood pressure variability, and impaired autonomic function. However, comparison of aged WKY rats and spontaneously hypertensive rats demonstrated that hypertension increased the magnitude of these dysfunctions in aged rats.
Another animal model that has been useful in hypertension research is the Dahl S rat. These rats are sensitive to dietary salt intake which can cause large increases in blood pressure. One of the major points of dysfunction in these rats is the outer medulla of the kidney. 30 These rats have a phenotype similar to that of many African Americans, about 50%-75% with hypertension are salt sensitive. 31 An extensive genetic analysis by Cowley et al aimed to identify genes responsible for the salt sensitivity observed in these rats. 32 Of a number of candidate genes, Rfwd2 (also called COP1) stands out. It is an E3 ubiquitin ligase which regulates FoxO1-mediated gene expression and is a tumor suppressor. While Rfwd2 has not been linked to any cardiovascular functions, Cowley et al showed that it interacts with many genes related to circadian rhythms. Some correlated genes include Clock and Csnk1d which phosphorylates Per proteins to allow their translocation into the nucleus. 33 Rfwd2 has also been shown to be involved in the stabilization of Per2 through its E3 ubiquitin ligase activity. 34 The suprachiasmatic nucleus (SCN) in the brain is entrained by light and helps set the cycle of circadian rhythms and synchronize peripheral tissue clocks. 35 It is already clear that disruptions in circadian rhythms and proteins can lead to hypertension so it follows that SCN impairment might also lead to changes in ability to control blood pressure. Changes in neurotransmitter levels in the SCN of hypertensive animals 36 and humans 37 have been noted but it is unclear whether these changes are the cause or an effect of hypertension.
Buijs et al investigated the involvement of the SCN in blood pressure regulation by creating lesions in the SCN in mice. 38 Mice with lesions were unable to deal with a saline injection leading to an increase in blood volume and pressure, unlike normal control mice which did not show a hypertensive response to the injection. The authors also found that another part of the brain, the nucleus tractus solitarius (NTS), has neuronal projections contacting and communicating with the SCN. They found evidence that the NTS communicates blood pressure information back to the SCN and creating a lesion in the NTS leads to decreased SCN activity but no change in blood pressure levels compared to controls.
Using sino-aortic denervated (SAD) male Sprague-Dawley rats, Li et al showed that this denervation resulted in a change in circadian clock gene expression. 39 Per2 and Bmal1 mRNA and protein levels were both decreased while AT 1 R mRNA was upregulated in the SCN of SAD rats. Makino et al also noted that SAD rats lost rhythmicity of blood pressure. 40 Given the neuronal connections between the carotid sinus and aortic arch to the NTS, these data again highlight the connection between the brain and circadian rhythms in maintaining proper control of blood pressure.
Circadian blood pressure patterns in distinct subject populations Resistant hypertension
Resistant hypertension occurs when a patient is on three or more antihypertensive medications, ideally one being a diuretic, and still has blood pressure levels which are not at goal. 41 Patients with resistant hypertension have even higher risks of developing CVD. 42 Diagnosis of resistant hypertension is not always clear cut, as the phenomenon of "white coat syndrome" can skew blood pressure readings. White coat syndrome refers to patients who have higher blood pressure readings in clinics than when they are resting at home, thus these patients have higher recorded blood pressure than what they normally experience. One way to get accurate blood pressure data without the confounding effects of white coat syndrome is to employ ambulatory blood pressure monitoring (ABPM). This allows for constant blood pressure monitoring for more accurate measurements which 
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Solocinski and Gumz in turn leads to a more accurate correlation between blood pressure and CVD risk. [43] [44] [45] In an extensive review, Hermida et al 46 point out that due to white coat syndrome, many patients diagnosed with resistant hypertension may not actually be resistant to treatment. One study of over 3,000 patients found that over 17% of them had isolated-office hypertension, or high blood pressure at the doctor but controlled blood pressure at home measured by ABPM. 47 Therefore, ABPM is a valuable tool to accurately diagnose patients with hypertension and to assess the control of the condition.
In an editorial, Kario suggests that melatonin may be a treatment for resistant hypertension. 48 A 2.5-3 mg dose of melatonin taken 1 hour before bed for 3 weeks lowers blood pressure in hypertensive patients. 49, 50 The melatonin agonist ramelteon decreased sleep latency in humans. 51 A recent small study in type 2 diabetics with non-dipping hypertension demonstrated that melatonin treatment was significantly associated with correction of the dipping pattern and lowering of blood pressure. 52 In vivo studies support a blood pressure-lowering role of melatonin, possibly due to increased nitric oxide production and central pathway involvement. 53 The action of melatonin on the peripheral and central nervous system has recently been reviewed and postulated to be a possible treatment for hypertension. 54 Arterial vasodilation is reduced in patients with resistant hypertension. 55 A new division in patients with resistant hypertension has been made, separating them into patients with controlled resistant hypertension (controlled blood pressure with four or more antihypertensive medications) and patients with uncontrolled resistant hypertension. Quinaglia et al showed that these two groups of patients with resistant hypertension have different characteristics. 56 The group with uncontrolled resistant hypertension exhibited greater endothelial function impairment and less of a night time dip in blood pressure. Even though calcium channel blockers, ACE inhibitors, and ARBs all promote nitric oxide release (which in turn helps preserve endothelial function) 57 these patients still exhibit damaged endothelium. Resistant hypertensive patients have higher levels of plasma aldosterone levels than other hypertensive patients which contribute to endothelial dysfunction. 56 Since few patients were taking aldosterone antagonists, Quinaglia et al speculate that increased aldosterone levels could be the cause for the endothelial impairment observed in resistant hypertensive patients.
Heart rate variability (HRV) is used to assess autonomic nervous system function. 58 Reduced HRV is a predictor of decreased cardiovascular prognosis in patients with hypertension. 59 Decreased HRV is also associated with a higher risk of developing hypertension and being a non-dipper. 60 Patients with resistant hypertension also have a high incidence of obstructive sleep apnea (OSA) 61 and OSA is classified as a risk factor for resistant hypertension. 42 Salles et al monitored over 400 patients with resistant hypertension via ABPM. 60 They found that two reduced HRV parameters were correlated with a decreased night time dip in blood pressure. They also found that non-dippers had an increased prevalence of OSA compared to dippers.
Sleep apnea
It has been known for some time that myocardial infarction (MI) occurrence exhibits an apparent circadian pattern, 62 peaking in early morning hours in conjunction with a rise in blood pressure and heart rate. OSA has been correlated with a higher risk of MI in the morning compared to patients without OSA. 63 Nakashima et al studied 216 patients with OSA and found that patients with moderate to severe OSA had a higher incidence of MI between 6 am and noon compared to controls. 64 This finding was consistent with previous studies. 63, 65 A correlation between OSA and hypertension has been demonstrated. 66 Wang et al further examined the relationship between OSA and hypertension in over 3,000 patients ranging in age from 18-81 years old. 67 They found that patients with OSA had a significantly higher incidence of hypertension compared to those without OSA and that severity of hypertension was positively correlated with severity of OSA. OSA patients have higher day and night time blood pressure with altered circadian rhythms of blood pressure. It has been shown previously that continuous positive airway pressure (CPAP) treatment effectively decreases day and nighttime blood pressure. 68, 69 Thus, the authors suggest that CPAP may be an effective treatment not only for OSA but also hypertension and altered circadian rhythms of blood pressure.
The HIPARCO trial investigated the effectiveness of CPAP treatment on patients with resistant hypertension and OSA. 70 In a study of 194 patients whose blood pressure was monitored with 24 hour ABPM, the authors found that CPAP treatment not only decreased blood pressure in patients with resistant hypertension but also helped restore a nocturnal dipping pattern in blood pressure. They also found that there is a positive correlation with the duration of CPAP treatment and blood pressure reduction. It appears that CPAP treatment may be effective for patients with resistant hypertension to not only treat the commonly associated OSA but also to help 
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Circadian rhythms and hypertension restore the circadian pattern of dipping and therefore reduce the risk of CVD.
Kario et al investigated an alternative therapy for patients with hypertension and OSA using nocturnal administration of the antihypertensive medications nifedipine (a calcium channel blocker) and carvedilol (a β/α 1 blocker). 71 A blood pressure surge occurs after episodes of sleep apnea 72 and this surge may be related to sleep-onset cardiovascular events such as wake-up strokes 73 and MI 74 in patients with OSA. Kario et al used a type of blood pressure monitoring device recently developed by their group. 71 This trigger sleep blood pressure monitoring method measures blood pressure in fixed intervals as other ABPM devices but also measures blood pressure when oxygen levels fall below a certain threshold (as in an episode of sleep apnea). While both medications were found to reduce mean sleep blood pressure, nifedipine was found to lower mean and basal sleep systolic blood pressure (SBP) more than carvedilol and only carvedilol decreased the sleep SBP surge. The authors suggest this may be a valid alternative treatment for hypertension in OSA patients as CPAP patient compliance is low.
Shift workers
Mounting evidence ties disruptions in circadian rhythms with many disease states. Disruptions in circadian proteins as evidenced by mouse knockout models can lead to changes in blood pressure regulation and hypertension which in turn can lead to a number of diseases including CVD and ESRD. Shift work can lead to disrupted circadian rhythms with deleterious effects on health. A number of studies in different countries have looked at the effect of disrupted circadian rhythms of sleep in humans.
In Brazil, Pimenta et al examined 211 workers between 30-64 years of age on the health campus of a university. 75 They found that these shift workers had a 67% increased cardiovascular risk compared to controls. In People's Republic of China, Guo et al 76 studied over 26,000 retired workers, and found that even after retirement, shift workers still have worse sleep than non-shift working counterparts. 77 The average age of the participants was about 64 years old and about 44% were males. The authors of this study found that even in retirement, shift workers had an increased risk of diabetes, hypertension, and poor sleep quality. Poor sleep quality was associated with short-term shift work of less than 10 years while hypertension and diabetes were associated with longterm shift work of greater than 10 years.
In the United States, black non-Hispanics have a greatly increased incidence of hypertension compared to white non-Hispanics. 78 In order to investigate how shift work affects blacks, Lieu et al examined data from over 95,000 women participants of the Nurses' Health Study II. 79 It was found that blacks who worked rotating night shifts had an increased risk of hypertension while there was no increased risk for whites.
While some studies have found a correlation between shift work and increased risk of hypertension, others have found no correlation. In a study looking at over 25,000 German car manufacturers 16-64 years old, Ohlander et al concluded that hypertension was lowest among people who did not work in shifts and highest in those who did not work night shifts. 80 After the authors adjusted for behavioral factors, they report no increased risk of hypertension for any shift work category. A Finnish study looked at over 20,000 pairs of twins (the Finnish Twin Cohort) and found no correlation between shift work and increased risk of CVD or hypertension. 81 There are many possible explanations for the differences seen in these analyses. The authors of the Finnish study note that there is a clear difference between male and female shift work, with males typically having well-earning jobs and female shift workers having less well-paying jobs. 81 They also point out that there are geographic differences to be considered, such as the fact that cholesterol levels are lower in Japan than Western parts of the world. 82 There are many other variables which may confound results including the large age ranges as it may be the case that certain ages are more susceptible to developing hypertension due to shift work. Also the very definition of shift work is unclear so the type of circadian disturbances experienced may vary depending on the type of jobs included in the analyses. For an extremely detailed and well-written review of shift work and possible consequences, see a review by Esquirol et al. 83 
Clinical studies: importance of ABPM
In a recently completed study, Toker et al examined the relationship between hypertensive parents and their children. 84 They found that children with hypertensive parents or grandparents had significantly higher systolic burdens than control children. They also found that children with hypertensive parents or grandparents had significantly higher left ventricular posterior wall thickness than control subjects. Moreover, left ventricular mass was negatively associated with non-dipper status. Thus, the authors conclude that in children with a familial history of hypertension, target organ damage may occur before hypertension is even diagnosed. While ambulatory blood pressure has been shown to be a good way to assess risk of CVD and organ damage, Kanno et al demonstrated that it is also a good predictor of CKD development. 85 The study used over 800 participants with an average age of 63. They found that much like CVD and organ damage, there is an association of CKD with aberrant 24 hour blood pressure profiles, an observation made possible by the use of ABPM. Moreover, nighttime blood pressure was found to be the most accurate predictor of CKD progression.
Wei et al examined data from over 1,000 patients with a median age of about 50 years. 86 The majority of these patients (about 90%) had never been treated for hypertension and the ones who had been were untreated for at least 2 weeks. Using ABPM, they found that hypertensive patients had significantly higher left ventricular mass index values. They determined that 24 hour SBP and systolic and diastolic hypertension were significant predictors of organ damage.
As previously mentioned, different drugs of the same class may have different effects on blood pressure control due to the different properties of the drug. Kario et al designed a study to investigate the effectiveness of two different ARBs (azilsartan and amlodipine) on nocturnal blood pressure and blood pressure rhythms. 87 Participants will be divided into two groups of 350 people each, one receiving each drug. Measurements will be made using ABPM. This ACS1 study hopes to elucidate the possible different effects of two drugs in the ARB class and investigate whether one or the other is better at controlling nocturnal blood pressure and restoring circadian blood pressure rhythms.
While there seems to be numerous benefits to nighttime dosing of hypertension medication, possible risks have been suggested. Hayreh et al found that low nocturnal arterial blood pressure can lead to ocular vascular diseases such as ischemic optic neuropathy. 88 This could be a potential problem for people who have a normal dipping pattern as nighttime dosing could lead to a further decrease in blood pressure, thus causing arterial hypotension. From a study of 88 patients, another group found evidence that nighttime dosing of hypertension medications again lead to hypotension which they correlated with increased optic nerve damage in patients with open-angle glaucoma. 89 In order to determine effectiveness and risks of nighttime dosing versus traditional morning dosing of hypertension medications, Carter et al have proposed a study with patients taking hypertension medications in the morning or at night. 90 They will follow patients for 36-42 months and attempt to determine if nighttime dosing reduces CVD risk compared to traditional morning dosing. They expect results to be available in 2018.
Implications for treatment of hypertension: chronotherapy
An increasing number of studies consistently demonstrate that the time of day therapeutics are administered can have an effect on the effectiveness of the drug. Administering a drug at a specific time of day in order to improve its efficacy is referred to as chronotherapy. With respect to hypertension, it has been found that patients taking ACE inhibitors or ARBs at night had an increased drop in blood pressure compared to those patients taking the same medications in the morning. 91, 92 Specific medications and outcomes in distinct patient populations have been thoroughly reviewed by Hermida et al. 6, 93 In general, ACE inhibitors and ARBs seem to be more effective when taken at night. This effectiveness also includes an increase in dipping which is correlated with a decreased risk of CVD.
As previously mentioned, people are termed non-dippers if they do not experience the normal 10%-20% decrease in blood pressure at night. Non-dipping has been linked to increased risk of adverse cardiovascular events. 94, 95 The MAPEC study followed over 2,000 hypertensive patients over the course of a median of 5.6 years. 92, 96 The study divided participants into two groups, one taking all blood pressure medications upon waking and the other group taking at least one medication at night. The nighttime dosing group showed significant reduction in sleep blood pressure and an increase in dipping of almost 30% compared to the morning dosing group. At the follow-up, the nighttime dosing group had a lower risk of cardiovascular events. They also exhibited significantly reduced morbidity and mortality due to CVD.
In a letter to the editor of Hypertension, Portaluppi et al highlighted the effectiveness of chronotherapy in the Heart Outcomes Prevention Evaluation (HOPE) trial and posited that evening administration of anti-hypertensive agents could explain the beneficial outcome of a substudy of HOPE. 97 In the HOPE substudy, evening administration of the ACE inhibitor ramipril was associated with better lowering of night time blood pressure, decreased non-dipping profile, and these results were associated with reduced cardiovascular morbidity and mortality. 98 These results demonstrate the beneficial effects of chronotherapy and also the use of ABPM.
Summary
While there is a need to improve current hypertension treatments, there are many emerging ideas with the promise of ChronoPhysiology and Therapy downloaded from https://www.dovepress.com/ by 54.70.40.11 on 09-Dec-2018 For personal use only.
increasing treatment effectiveness. The concept of chronotherapy is a simple fix based on complex ongoing research. By taking the circadian timing of physiological processes such as drug metabolism and receptor expression into account, drugs can be more effective at the same doses simply by changing the time at which they are administered. Similarly, monitoring the circadian pattern of blood pressure can help to not only diagnose those people at a higher risk of having a cardiac event but also help indicate which type of treatment would be more effective, as in the case of people with true resistant hypertension. Since hypertension appears to be associated with other diseases such as OSA, it may also be helpful to target treatment to these other dysfunctions in order to treat both problems. Hypertension is intricately connected to many physiological functions and it should not be thought of as an isolated disease when determining treatment.
ChronoPhysiology and Therapy

Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/chronophysiology-and-therapy-journal ChronoPhysiology and Therapy is an international, peer-reviewed, open access journal focusing on research into the cyclic variations and rhythmicity in physiological processes in the body and the research and development and optimal timing of administration of therapeutic targets to achieve improved outcomes and quality of life for the patient. The manuscript management system is completely online and includes a very quick and fair peer-review system. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors. 
